Introduction {#S1}
============

After around 3000 BCE, people with ancestry similar to that in the Steppe north of the Black and Caspian Seas began moving westward, mixing with local central European farmers to contribute up to three quarters of the ancestry of peoples associated with the Corded Ware complex^[@R1]--[@R3]^, and spreading in western Europe in association with the Bell Beaker complex^[@R4],[@R5]^. In Iberia, Steppe pastoralist-related ancestry (hereafter denoted "Steppe ancestry") appeared in outlier individuals by \~2500 BCE^[@R5]^, and became fully mixed into the Iberian population by \~2000 BCE^[@R6]^. On Crete in the eastern Mediterranean, there was little if any Steppe ancestry in all published individuals from the Middle to Late Bronze Age "Minoan" culture (dating to 2400--1700 BCE), although these individuals derived about 15% of their ancestry from groups related to early Iranian herders ("Iranian-related ancestry")^[@R7]^. However, Steppe ancestry arrived in Crete and nearby Greece by the time of the "Minoan" culture \~2400--1700 BCE and "Mycenaean" culture \~1600--1200 BCE ([Fig. 1](#F1){ref-type="fig"}).

In the islands of the central and western Mediterranean, the Bronze Age transition has not been investigated with ancient DNA. The first permanent human presence in the Balearic Islands dates to \~2500--2300 BCE^[@R8],[@R9]^. Around 1200 BCE, the Talaiotic culture was marked by intensified management of food resources and the appearance of monumental towers, the eponymous talaiots, some with suggestive similarities to the Sardinian nuraghi^[@R10],[@R11],[@R12]^. In turn, Bronze Age Nuragic Sardinian farmers also exchanged material goods with groups from the eastern Mediterranean.^[@R13]^ Sardinia and Sicily were affected by the spread of the Beaker complex after \~2500 BCE, while Sicily was affected by Aegean influences in the Mycenaean period^[@R14]--[@R16]^. An open question has been the extent to which these cultural exchanges were accompanied by movements of people, which we addressed by generating genome-wide ancient DNA data from 61 individuals.

Results {#S2}
=======

Data set {#S3}
--------

We prepared powder from petrous bones and teeth, extracted DNA^[@R17]--[@R20]^, and converted it into double-^[@R21]^ or single-stranded libraries^[@R21]^. We treated all libraries with Uracil-DNA Glycosylase (UDG)^[@R21]^ to greatly reduce the rate of cytosine-to-thymine errors characteristic of ancient DNA. We enriched for sequences overlapping approximately 1.24 million single nucleotide polymorphisms (SNPs)^[@R23],[@R24]^, and after sequencing obtained genome-wide data from 61 individuals from the Balearic Islands, Sardinia, and Sicily while increasing data quality on a previously reported individual from Sicily ([Fig. 1](#F1){ref-type="fig"}, [Online Table 1](#SD1){ref-type="supplementary-material"}, [Supplementary Materials](#SD1){ref-type="supplementary-material"}). We assembled direct radiocarbon dates on bone for 46 individuals ([Online Table 2](#SD1){ref-type="supplementary-material"}). We removed four individuals with evidence of contamination based on heterogeneity on the X chromosome (in males) or mitochondrial DNA, and one individual who was a first degree relative of another higher coverage individual^[@R25]^. For all but the by-sample analyses we removed individuals with data at \<100,000 SNPs. For the 49 individuals that remained for analysis after this filtering, the median coverage on targeted SNPs on the autosomes was 2.91-fold (range 0.11--12.13), and the median rate of cytosine-to-thymine damage in the terminal nucleotides was 11.7% (range 3.7%−25.6%) in the range expected for authentic ancient DNA^[@R21]^ ([Online Table 1](#SD1){ref-type="supplementary-material"}). Genetic structure was similar when restricting to transversion SNPs not affected by characteristic ancient DNA errors ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}).

Overview of genetic structure {#S4}
-----------------------------

We carried out principal component analysis (PCA) of the newly reported ancient individuals merged with previously published data^[@R1],[@R2],[@R4]--[@R7],[@R26]--[@R62]^, projected onto variation among 737 diverse present-day west Eurasians analyzed at \~600,000 SNPs^[@R7],[@R40],[@R63]--[@R65]^ ([Fig. 2b](#F2){ref-type="fig"}, [Online Table 3](#SD1){ref-type="supplementary-material"}). We also performed unsupervised clustering with ADMIXTURE^[@R66]^ ([Fig. 2a](#F2){ref-type="fig"}). We used *qpWave*^[@R2]^ to evaluate whether each individual in turn was consistent with being from the same group as others from the same time period and region (that is, we tested if they were consistent with forming a clade at p\<0.01), allowing us to create analysis groupings ([Fig. 3](#F3){ref-type="fig"}, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Where *qpWave* was ambiguous, we carried out refined tests to determine groupings ([Supplementary Materials](#SD1){ref-type="supplementary-material"}).

In the Balearic Islands, the three Bronze Age individuals fall between the European Neolithic and Bronze Age clusters in PCA; their evidence of Steppe ancestry is also evident in an ADMIXTURE component maximized in Yamnaya Steppe pastoralists. *qpWave* revealed significant ancestry differences between the Early Bronze Age individual *Mallorca_EBA* and the Middle and Late Bronze Age individuals, *Formentera_MBA* (p=0.001) and *Menorca_LBA* (p=0.001) ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Taking into account the partial evidence of genetic heterogeneity and the very different archaeological contexts of the three individuals, we treated each separately for analysis.

In Sicily, the four Middle Neolithic individuals cluster with early European farmers and are genetically homogeneous so we group them as *Sicily_MN* ([Fig. 2](#F2){ref-type="fig"}, [Supplementary Figs. 1](#SD1){ref-type="supplementary-material"} & [3](#SD1){ref-type="supplementary-material"}). Relative to *Sicily_MN*, all the Early Bronze Age Sicilians deviate in PCA and ADMIXTURE toward eastern groups with two Early Bronze Age outliers *Sicily_EBA11443* and *Sicily_EBA8561* clearly having Steppe pastoralist admixture, and the remaining individuals dividing into a main *Sicily_EBA* grouping of four individuals and two subtly differentiated individuals *Sicily_EBA3123* (p=0.005) and *Sicily_EBA3124* (p=0.001) ([Supplementary Tables 2](#SD1){ref-type="supplementary-material"} and [3](#SD1){ref-type="supplementary-material"}). The two Middle Bronze Age individuals were consistent with being a clade and differentiated from the Early Bronze Age individuals so we grouped them as *Sicily_MBA* ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}). All five Late Bronze Age individuals were consistent with being a clade at p\>0.01 (*Sicily_LBA*) ([Supplementary Table 5](#SD1){ref-type="supplementary-material"}).

In Sardinia we observe clustering with mainland European Early and Middle Neolithic farmers from the beginning of the Neolithic to the end of the Bronze Age; all but two individuals are indistinguishable in their ancestry components based on *qpWave* ([Fig. 2](#F2){ref-type="fig"}). The three Neolithic individuals were homogeneous and so we grouped them (*Sardinia_Neolithic*) ([Supplementary Table 6](#SD1){ref-type="supplementary-material"}); all but one of the Chalcolithic individuals were homogeneous (*Sardinia_Chalcolithic*) ([Supplementary Tables 7](#SD1){ref-type="supplementary-material"} and [8](#SD1){ref-type="supplementary-material"}); and all but one of the Nuragic Bronze Age individuals were homogeneous ([Supplementary Tables 9](#SD1){ref-type="supplementary-material"} and [10](#SD1){ref-type="supplementary-material"}). The two outliers were *Sardinia_Chalcolithic15940* (radiocarbon dated to 2345--2146 calBCE) who had significant affinity to Levantine and North African Neolithic individuals (p\<10^−12^), and *Sardinia_BA10365* (1643--1263 calBCE) who had subtle evidence of eastern Mediterranean ancestry and was significantly differentiated from others of this period (p=0.000024 ([Supplementary Tables 9](#SD1){ref-type="supplementary-material"} and [10](#SD1){ref-type="supplementary-material"}). The two Iron Age individuals did not form a clade ([Supplementary Table 11](#SD1){ref-type="supplementary-material"}): *Sardinia_IA10366* (391--209 calBCE) has evidence of Iranian-related ancestry, whereas *Sardinia_IAI16163* (762--434 calBCE) has evidence of Steppe ancestry ([Fig. 3](#F3){ref-type="fig"}). The two *Sardinia_LateAntiquity* individuals were consistent with forming a clade with each other and *Sardinia_EarlyMedieval* ([Fig. 3](#F3){ref-type="fig"}, [Supplementary Tables 12](#SD1){ref-type="supplementary-material"} and [13](#SD1){ref-type="supplementary-material"}), but *Sardinia_EarlyMedieval* separated from the earlier individuals in PCA ([Fig. 2](#F2){ref-type="fig"}) and dated to significantly later, so we analyzed this individual separately.

Balearic Islands {#S5}
----------------

We used *qpAdm*^[@R2],[@R63]^ to decompose the ancestry of each analysis grouping into five "distal" sources dating to the Late Neolithic or earlier: *Anatolia_Neolithic*, Western Hunter-Gatherers (*WHG*), *Iran_Ganj_Dareh_Neolithic, Yamnaya_Samara*, and *Morocco_LN*. We represented each of these sources with published ancient DNA data. We caution that finding a fitting model in *qpAdm* should not be interpreted as implying that the true source population came from the same location. Instead, a fit implies that the modeled population is consistent with being a mixture of groups that are derived from the same ancestral populations as the groups we use as surrogates for them. We tested all possible 2, 3, 4 and 5-way mixture models, and when more than one model of the same rank produced valid fits we included the competing source among the set of outgroups. This "model competition" approach^[@R40],[@R62]^ is designed to detect shared genetic drift between any test population and an outgroup that is not captured by one of the sources used in the model; this sometimes reveals that we are failing to correctly model a proximal ancestry source. We quote the most parsimonious model (as measured by the lowest number of ancestry sources) that fits at p\>0.05, and when multiple models fit quote all of them ([Fig. 4b](#F4){ref-type="fig"} and [Supplementary Tables 14](#SD1){ref-type="supplementary-material"} and [16](#SD1){ref-type="supplementary-material"}).

*Mallorca_EBA* dates to the earliest period of permanent occupation of the islands at \~2400 BCE^[@R10],[@R68]^. We modeled 38.1 ± 4.4% of her ancestry as deriving from a source related to *Yamnaya_Samara* ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). We next used *qpAdm* to identify "proximal" sources for *Mallorca_EBA*'s ancestry. Using our "model competition" approach, we tested a list of potential sources motivated by being close in space or time or showing cultural links, including all of them among the outgroups if they were not explicitly tested as sources. *Mallorca_EBA* can be modeled as a clade with the (small) subset of Iberian Beaker complex associated individuals who carried Steppe-derived ancestry^[@R5]^ (p=0.413). We reject models that do not involve an Iberian source, as we find no passing models when we use *qpAdm* to test non-Iberian sources for *Mallorca_EBA* with Iberians including among the outgroups. Thus, the movements of people that brought Steppe ancestry into Iberia overlapped those that settled the Balearic Islands. We caution that we only have data from a single individual from this period and her ancestry profile may not be representative of all the early settlers. Future ancient DNA sampling could reveal individuals with different proportions of Steppe ancestry and without a specific Iberian connection.

Our estimates of Steppe ancestry in the two later Balearic Islands individuals are lower at 20.4 ± 3.4% for *Formentera_MBA* and 20.8 ± 3.6% for *Menorca_LBA* ([Supplementary Table 14](#SD1){ref-type="supplementary-material"}) ([Fig. 3](#F3){ref-type="fig"}, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). These two individuals thus represent mixtures of groups with a relatively large proportion of Steppe ancestry, plausibly the population of which *Mallorca_EBA* was a part, and other groups with more early European farmer-related ancestry. This could be the result of early immigrants to the islands harboring different proportions of Steppe ancestry and then mixing, or later waves of gene flow from groups with relatively more European first farmer-related ancestry. The proximal modeling of *Formentera_MBA* produced 2-way fits with one source always bearing Steppe ancestry (such as *Mallorca_EBA, Iberia_Bell_Beaker_highSteppe*, or *France_Bell_Beaker*), and the other always bearing large proportions of Anatolian Neolithic-related ancestry (fitting models include sources in mainland Italy, France, or Sardinia) ([Supplementary Table 17](#SD1){ref-type="supplementary-material"}). *Menorca_LBA* fit a 1-way model with *Formentera_MBA* (p=0.172), and thus may be directly continuous with that population ([Supplementary Materials](#SD1){ref-type="supplementary-material"}).

To test for evidence for genetic links between peoples of the Talaiotic culture of the Balearic Islands and the Nuragic culture of Sardinia, we examined the fitting 2-way admixture models for the Talaiotic culture-associated individual *Menorca_LBA*. While some of the models involved a Sardinian population as a fitting source, we also found fits for models that included as sources *France_Bell_Beaker_lowSteppe*, *Italy_Bell_Beaker*, *Italy_Remedello.SG*, or *Italy_MN_Iceman.SG* with Nuragic Sardinians included among the outgroups ([Supplementary Table 18](#SD1){ref-type="supplementary-material"}). Thus, our analysis does not produce any specific evidence of a genetic link between people of these two cultures. A caveat is that we only have access to data from a single Talaiotic-associated individual; it is also important to remember that there can be cultural contact without movement of people.

Phoenician colonies were established in the Balearic Islands in the Iron Age. The Ibiza individual published in^[@R59]^ from a collective burial in a Punic hypogeum and dated to 361--178 calBCE is not consistent with forming a clade with any of the Bronze Age Balearic individuals and has a qualitatively different ancestry profile; for example, a North African source of ancestry is required to obtain a fit (our model is 10.8 ± 2.7% *Iran_Ganj_Dareh_Neolithic* and 89.2 ± 2.7% *Morocco_LN* ancestry (Morocco Late Neolithic)) ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). In proximal modeling, *Ibiza_Phoenician* also always requires *Morocco_LN* as one of the sources. While some of these models include a Balearic Island Bronze Age source, it is possible that the Ibiza Phoenician individual has no ancestry at all from earlier Balearic peoples, as we fit her with models that have all the Balearic Bronze Age individuals among the outgroups (e.g. 17.0 ± 3.1% *France_Bell_Beaker* and 83.0 ± 3.1% *Morocco_LN*) ([Supplementary Table 19](#SD1){ref-type="supplementary-material"}).

Modern Balearic individuals can only be fit with 5 distal sources, as a mixture of Steppe, Iranian-related, and North African-related ancestry in addition to Anatolian farmer-related and WHG. Thus, the Balearic Islands today reflect a mixture of disparate ancestry sources some of which are likely to reflect movements in the past from the southern and eastern Mediterranean ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). Among the uniparental haplogroups found in present day Balearic populations are all the ones found in the ancient individuals (mitochondrial DNA J2, H, U5, and Y chromosome R1b)^[@R69],[@R70]^, although none of these are unique to the ancient Balearic populations and so cannot be taken as a proof of local population continuity ([Online Table 1](#SD1){ref-type="supplementary-material"}).

Sicily {#S6}
------

In the Middle Neolithic, Sicilians harbored ancestry typical of early European farmers, which we can fit as a mixture of *Anatolia_Neolithic* and *WHG* ([Fig. 2](#F2){ref-type="fig"}, [Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). We also approximately tripled coverage on a previously reported Beaker complex-associated individual, and our reanalysis of these data confirmed the previous finding of no evidence of Steppe ancestry.^[@R5]^

In the Early Bronze Age, we find evidence of Steppe ancestry by \~2200 BCE. In distal *qpAdm*, the two outliers with the strongest evidence have 22.1 ± 3.6% Steppe ancestry (*Sicily_EBA8561*) and 39.0 ± 3.5% Steppe ancestry (*Sicily_EBA11443*); the latter individual is consistent with forming a clade with *Mallorca_EBA* (p=0.245) which suggests that they may harbor ancestry from a similar source (most plausibly Iberian, see below) ([Fig. 4a](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). For the main Early Bronze Age cluster of four individuals and two other outliers, we also fit Steppe ancestry albeit at lower proportions of 14.1 ± 3.4% in *Sicily_EBA3123*, 13.5 ± 3.4% in *Sicily_EBA3124*, and 9.9 ± 2.2% in the main cluster of *Sicily_EBA* ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}, [Supplementary Materials](#SD1){ref-type="supplementary-material"}). For *Sicily_EBA* and *Sicily_EBA3123* we could not rule out an alternative model of Iranian-related ancestry rather than Steppe as a third ancestry source, although we favor Steppe models because of the results from the proximal modeling and the definitive presence of this ancestry in the two extreme outlier individuals. The presence of Steppe ancestry in Early Bronze Age Sicily is also evident in Y chromosome analysis, which reveals that 3 of the 5 Early Bronze Age males carried haplogroup R1b1a1a2a1a2 (R1b-M269) associated with the first western Europeans who carried significant proportions of Steppe ancestry ([Online Table 1](#SD1){ref-type="supplementary-material"}). Two of these four individuals carried the Y haplogroup subtype R1b1a1a2a1a2a1 (Z195), which today is largely restricted to Iberia and has been hypothesized to have originated there 2500--2000 BCE^[@R71]^. A parsimonious scenario is that west-to-east gene flow from Iberia introduced these haplogroups into Sicily as well as to the Balearic Islands where Y haplogroup R1b-M269 is also found in *Menorca_LBA*.

We detect Iranian-related ancestry in Sicily by the Middle Bronze Age 1800--1500 BCE, consistent with the directional shift of these individuals toward Minoans and Mycenaeans in PCA ([Fig. 2b](#F2){ref-type="fig"}); in distal modeling, *Sicily_MBA* requires 15.7 ± 2.6% of *Iran_Ganj_Dareh_Neolithic*-related ancestry (p=0.060) ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). Sources closer in time always require *Minoan_Lassithi* or *Anatolia_EBA* as a source ([Supplementary Table 21](#SD1){ref-type="supplementary-material"}). Modern southern Italians harbor Iranian-related ancestry,^[@R74]^ and our results show this ancestry must have reached Sicily before the period of Greek political control when Sicily and southern Italy were part of Magna Graecia.

We can model *Sicily_LBA* as 81.5 ± 1.6% *Anatolia_Neolithic*, 5.9 ± 1.6% *WHG*, and 12.7 ± 2.1% *Yamnaya_Samara* ([Fig. 4b](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). Although this distal modeling provides no hint of Iranian-related ancestry, modeling with sources closer in time supports *Sicily_LBA* having such ancestry via groups like *Anatolia_EBA* or *Minoan_Lassithi* ([Supplementary Table 22](#SD1){ref-type="supplementary-material"}).

Our distal modeling of modern Sicilians requires not only the two eastern ancestry sources that we have shown were present by the Bronze Age---10.0 ± 2.6% *Yamnaya_Samara* and 19.9 ± 1.4% *Iran_Ganj_Dareh_Neolithic*--- but also a predominant component of North African ancestry (46.9 ± 5.6% *Morocco_LN*) ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). These results are consistent with most of the North African-related ancestry having come into Sicily in the Iron Age and afterward, a scenario that is further supported by our observation that modern Sicilians form a clade with *Ibiza_Phoenician* (p=0.060) and the three most recent Sardinian individuals in our time series ([Supplementary Materials](#SD1){ref-type="supplementary-material"}). Although these results are consistent in principle with a nearly complete ancestry turnover on the island since the Bronze Age, we cannot rule out the possibility that Bronze Age Sicilians made a more modest ancestry ancestry contribution to modern Sicilians. Uniparental markers in modern Sicilians overlap those from the Bronze Age with Y haplogroup R1b-M269 occurring at high frequency (\~25%^[@R72]^) and mitochondrial haplogroups H, T, U and K also being present in the Bronze Age as well as in present-day groups.^[@R73]^

Sardinia {#S7}
--------

In *qpAdm*, almost all Neolithic, Chalcolithic, and Bronze Age individuals fit as descending from the same two deep ancestral sources (*Anatolia_Neolithic* and *WHG*) with similar and indistinguishable mixture proportion estimates of 82.9% - 86.0% ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). *Sardinia_Neolithic* and *Sardinia_Chalcolithic* and consistent with being a clade (p=0.285), as are *Sardinia_Chalcolithic* and *Sardinia_BA* (p=0.173), further supporting a high degree of continuity ([Supplementary Materials](#SD1){ref-type="supplementary-material"}). When we consider sources closer in time and space, Neolithic Sardinians can be modeled as a mixture of 74--77% *France_MN*, with the rest 26% from *Hungary_EN* (p=0.051) or 23% from *Croatia_Cardial_Impressa_EN* (p=0.051) ([Supplementary Materials](#SD1){ref-type="supplementary-material"}). The true source for early Sardinian farmers is likely an unsampled group, potentially from an unsampled region such as northern Italy or Corsica where there is little or no available ancient DNA data. We detect no evidence of Steppe ancestry detected even in individuals buried in a Beaker context, which is similar to the pattern observed in Beaker-associated burials in Sicily and most in Iberia, a pattern that contrasts sharply with that in central and northern Europe where Beaker-associated individuals carried significant Steppe ancestry^[@R5]^ ([Supplementary Table 16](#SD1){ref-type="supplementary-material"}, [Online Table 1](#SD1){ref-type="supplementary-material"}).

Despite evidence of extraordinary ancestry continuity in Sardinia from the Neolithic through the Bronze Age, there are two notable outliers.

The most surprising is *Sicily_Chalcolithic15940* from the site of Anghelu Ruju, for whom we obtained a radiocarbon of 2345--2146 calBCE on the same bone we analyzed for DNA. We model this individual as 22.7 ± 2.4% *Anatolia_Neolithic* and 77.3 ± 2.4% *Morocco_EN* (p=0.321). This individual is similar in ancestry composition to the approximately contemporary Iberian individual I4246 from the site of Camino de las Yeseras radiocarbon dated to 2473--2030 calBCE, who also had North African-related ancestry as well as the same mitochondrial DNA haplogroup M1a1b1 and Y haplogroup E1b1b1 which are both typical of North Africans^[@R25]^ ([Supplementary Table 14](#SD1){ref-type="supplementary-material"}). The finding of African-to-European gene flow in both individuals shows that such movement was widespread across the Mediterranean long before the classical period when such gene flows became intensive and the ancestries made a larger demographic impact.

The second outlier is *Sardinia_BA10365* (1643--1263 calBCE) ([Fig. 2b](#F2){ref-type="fig"}), which we fit as a mixture of a local Sardinian source and a second source carrying eastern Mediterranean-related (e.g *Mycenaean* or *Jordan_EBA*) or Steppe ancestry (*Italy_Bell_Beaker* or *France_Bell_Beaker*) ([Supplementary Table 23](#SD1){ref-type="supplementary-material"}). Uniparental marker analyses provide additional hints that the material culture exchange between Sardinians and eastern Mediterranean was accompanied by some movement of people^[@R67]^. *Sardinia_Chalcolithic15943* from Anghelu Ruju carried a rare U1a mitochondrial haplogroup, known from ancient individuals from the Early Bronze Age Balkans and Western Asia^[@R51],[@R54],[@R62]^ ([Online Table 1](#SD1){ref-type="supplementary-material"}). *Sardinia_BA10553* carried Y haplogroup J2b2a ([Online Table 1](#SD1){ref-type="supplementary-material"}), which today occurs at highest frequencies in the Balkans and the Middle East^[@R75]^, and which was nearly unique to these regions in the Bronze Age and earlier^[@R40],[@R76],[@R44],[@R54]^.

The earliest definitive evidence in Sardinia of Steppe and Iranian-related ancestries comes from two Iron Age individuals, *Sardinia_IA16163* (762--434 calBCE) with 22.5 ± 3.6% Yamnaya-related ancestry, and *Sardinia_IA10366* (391--209 calBCE) with 12.7 ± 3.5.% *Iran_Ganj_Dareh_Neolithic* related ancestry ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}, [Supplementary Table 24](#SD1){ref-type="supplementary-material"}, [Supplementary Materials](#SD1){ref-type="supplementary-material"}). The *qpAdm* models fit even when including Bronze Age Sardinians in the outgroups, consistent with the hypothesis that these individuals, like the Phoenician from Ibiza in the Balearic Islands, had little ancestry from preceding local peoples. Iranian-related ancestry was even higher in at least some individuals in Late Antiquity, with the *Sardinia_LateAntiquity* cluster harboring 29.3 ± 4.1.% *Iran_Ganj_Dareh_Neolithic*-related ancestry (p=0.009 for rejection of the alternative model that attempts to model ancestry as derived from the Yamnaya, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). *Sardinia_LateAntiquity* is consistent with being a clade with *Ibiza_Phoenician* (p=0.238) as would be expected if this ancestry began to be introduced with the Phoenicians^[@R77]^ ([Supplementary Table 25](#SD1){ref-type="supplementary-material"}). Although we do not model *Sardinia_EarlyMedieval* due to his limited SNP coverage, his Y haplogroup, E1b1b1b2, belongs to the same branch (E1b1b) as *Sardinia_Chalcolithic15940* and Hellenistic period Egyptians^[@R48]^, consistent with a source in the eastern Mediterranean. Taken together, these results show that the five most recent Sardinians in our time series---from the Iron Age (n=2), Late Antiquity (n=2), and Early Medieval period (n=1)---harbored minimal ancestry from Bronze Age, Chalcolithic, or Neolithic Sardinians. All five individuals were from coastal sites, suggesting immigration from groups outside of Sardinia. Unsampled regions of Sardinia (possibly on the coast and almost certainly in the interior) likely retained high proportions of ancestry from pre-Iron Age Sardinians in the Iron Age and later, as pre-Iron Age Sardinians remain the single largest contributor to modern Sardinians (see below).

We are only able to model modern Sardinians by invoking 4- and 5-way distal admixture models, which include Iranian-related and North African-related sources and thus are substantially more complex than the 3-way model for Sardinia proposed in the original paper that introduced the *qpAdm* method^[@R2]^ (that study was not able to reject a 3-way admixture model because it did not have access to our reference dataset of large numbers of ancient West Eurasians). With our more refined modeling, the proportion of ancestry from the first farmers of Sardinia (comprised of sources from Anatolian farmers and western hunter-gatherers)^[@R2]^ is around 72.2% (= 62.5% Anatolian Neolithic + 9.7% WHG) ([Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 14](#SD1){ref-type="supplementary-material"}). This is much less than the first *qpAdm* study of ancestry proportions in Sardinians estimated that 87% of the island's ancestry could derive from Neolithic farmers. It is also much less than the \~100% that was inferred in a study that found modern Sardinians to be a clade with ancient DNA from the Late Neolithic Tyrolean Iceman^[@R78]^. It is finally much less than the proportions of 90--100% inferred were estimated in a study of more than 3500 modern Sardinians (with the estimates varying across geographic regions)^[@R79]^.

In fact, the true degree of population turnover was even larger. To test how much ancestry in modern Sardinians could be derived from local Sardinians from the Bronze Age and earlier, we examined the 27 modern Sardinians that have been the source of many of these previous estimates^[@R63]^, who are from the Gennargentu region and have among the least Steppe ancestry among modern Sardinians who vary in their ancestry proportions reflecting the geographic substructuring of modern Sardinians among different valleys and coastal and inland sites^[@R79]^. These modern Sardinians fit a 4-way distal model with a local Sardinian ancestry source and three further sources, *Iran_Ganj_Dareh_Neolithic*, *Yamnaya_Samara*, and *Morocco_LN* ([Supplementary Table 26](#SD1){ref-type="supplementary-material"}). We estimate that modern Sardinians retained between 56.3 ± 8.1% (when using *Sardinia_Neolithic*) to 62.2 ± 6.6% (with *Sardinia_BA*) of ancestry from local populations, along with a substantial proportion of North African *Morocco_LN-*related ancestry that ranges between 22.7 ± 9.9% (when using *Sardinia_Neolithic*) and 17.1 ± 8.0% (when using *Sardinia_BA*). This North African-related mixture is a plausible source for the sub-Saharan African admixture that has been detected in modern people from the island in multiple previous studies^[@R79]--[@R82]^. Even this range of estimates of \~56--62% is an upper bound, as we are forcing in pre-Iron Age Sardinians as the only source of European farmer ancestry on the island in all of these models.

Taken together, these results confirm that the proportion of ancestry derived from first farmers is higher in Sardinia than elsewhere in Europe, while revealing a previously unknown major contribution from groups that arrived later. The ancestry from multiple sources is also evident in uniparental markers; for example, modern Sardinians carry haplogroups common on the island from the Neolithic through to the Bronze Age period (Y haplogroup R1b1a\[xR1b1a1a\] and mtDNA haplogroups HV, JT, and U^[@R83]^), as well as a high-frequency of Y haplogroup R1b-M269 that was absent in the Bronze Age and earlier^[@R79],[@R84]^. An ancient DNA study of Sardinia that appears alongside this one concurs that modern Sardinians harbor large proportions of ancestry from early Sardinian farmers as well as significant contributions from later periods that are larger than previously estimated. That second study also agrees with our finding that many coastal Sardinian sites harbored people with little ancestry from earlier local Sardinians in the Iron Age and antiquity^[@R85]^.

Discussion {#S8}
==========

We conclude by highlighting five observations.

First, we identify Iberia as a key ancestry source for Bronze Age peoples of both the Balearic islands and Sicily. Some early residents of the Balearic Islands likely derived at least part of their ancestry from Iberia as proximal models favor ancient Iberian sources. We also observe the characteristically Iberian Y chromosome haplogroup R1b1a1a2a1a2a1 (Z195) in two Early Bronze Age Sicilians^[@R71]^. Thus, Iberia was not just a destination of east-to-west human movement, but also an important source for west-to-east reflux^[@R86]^. However the demographic history of Iberia in this period was also distinctive from the Mediterranean islands^[@R25]^; for example, no nearly complete replacement of paternal lineages occurred in Sicily, where both Neolithic and Steppe-associated haplogroups persisted.

Second, our analysis shows that Iranian-related ancestry, which was widespread in the Aegean by the Middle Bronze Age in association with the Minoan and Mycenaean cultures, had also spread as west as Sicily in substantial proportion at least by the time of the Mycenaeans. One possibility is this ancestry spread west along with the Mycenaean cultural expansion^[@R87]--[@R90]^. However, the presence of artifacts associated with the Sicilian Castellucian culture in Malta, Greece, and Anatolia before the peak of the Mycenaean culture leaves open the possibility of earlier gene flows, a hypothesis that could be investigated once pre-Minoan data from the Aegean become available^[@R87],[@R91]^. We find no evidence of substantial proportions of Iranian-related ancestry in the Balearic islands or Sardinia until the Phoenician period, but this does not mean that these islands were isolated from the eastern Mediterranean, and indeed the opposite is true. Archaeological evidence shows that this was a period of unprecedented material culture exchange, with substantial westward flows of goods as reflected for example in the importation of Cypriot copper in Late Bronze Age Sardinia^[@R92]^.

Third, our study highlights widespread human mobility from North Africa to Europe in the Chalcolithic and Bronze Age. Specifically, we identify an outlier individual in Sardinia with a large proportion of North African-derived ancestry who dates to 2345--2146 calBCE and has an ancestry profile similar to an approximately contemporary central Iberian individual dated to 2473--2030 calBCE^[@R25]^ (and a Bronze Age individual from Iberia dated to 1932--1697 calBCE who carried North African-related ancestry in admixed form^[@R25]^). Altogether, 1.6% of the 191 individuals from Mediterranean Europe in our analysis dataset from between 5000--3000 years ago have evidence of ancestry from North African migrants in the few generations before they lived^[@R61]^.

Fourth, our analysis documents the impact of the Phoenician and Greek colonial periods as well as subsequent immigration on the islands of the western Mediterranean.^[@R93]^ For example, all six individuals in our analysis dataset from the Balearic islands and post-Bronze Age period have no evidence of ancestry from earlier local groups. In conjunction with previous findings, the emerging picture is that from the Iron Age onward, the coastal regions of the western Mediterranean were characterized by ethnically segregated populations of immigrants and local groups that co-existed in geographic proximity; indeed, there is direct documentation of this from the Greek colony of Empúries in northeast Iberia, where two clusters of genetically distinct individuals co-existed consistent with the historical descriptions by Strabo.^[@R25]^ In some regions such as the Balearic islands and Sicily our data are consistent a nearly complete replacement of the pre-Iron Age populations (although we cannot rule out a degree of local continuity in either set of islands).

Fifth and finally, our co-analysis of modern and ancient Sardinians questions the common view that Sardinians are well described as an isolated descendants of Europe's first farmers^[@R78]^. Our ancient DNA time transect does reveals that Neolithic, Chalcolithic, and Bronze Age Sardinians had a typical early European farmer ancestry profile that persisted longer on the island than anywhere else in Europe studied to date, and in this sense our study supports previous findings that Sardinia is special in Europe in retaining more of its first farmer ancestry. However, immigrants from the eastern Mediterranean and North Africa made a substantial demographic impact on Sardinia from the Iron Age onward just as they did on other parts of the coastal western Mediterranean. Thus, all five of the post-Bronze Age individuals from Sardinia in our time series (all from coastal sites) have no evidence of pre-Bronze Age Sardinian ancestry, and they clearly mixed with the previously established populations to contribute at least \~38--44% of the ancestry of modern Sardinians (with North African-derived ancestry estimated at \~17--23%). Thus, rather than being fully sheltered from admixture and migration since the Neolithic, Sardinia, like almost all other regions in Europe, has been a major stage for movement and mixture of peoples.

Materials and Methods {#S9}
=====================

Laboratory work and bioinformatic analysis {#S10}
------------------------------------------

We extracted powder from skeletal samples in dedicated ancient DNA facilities at the University of Vienna in Austria, University College Dublin in Ireland, the University of Florence in Italy, the University of Palermo in Italy, and Harvard Medical School in Boston USA ([Online Table 1](#SD1){ref-type="supplementary-material"})^[@R17],[@R19],[@R20],[@R94],[@R95]^. We treated all but one DNA extract (S4420.E1.L1) with Uracil-DNA Glycosylase (UDG) to remove characteristic ancient DNA damage, thereby greatly reducing the rate of damage-induced errors^[@R96]^. For all but one sample, we performed DNA extraction at Harvard Medical School, sometimes using silica coated magnetic beads to support robotic cleanups (instead of silica column cleanups that were used for manual DNA extraction)^[@R17],[@R19],[@R20]^. We converted these DNA extracts to individually double-barcoded (or double-indexed) libraries either using double-strand ligation^[@R21]^ or single-strand ligation^[@R22]^, in most cases assisted by a robotic liquid handler (see [Online Table 1](#SD1){ref-type="supplementary-material"} for details). For one of the samples, we performed DNA extraction^[@R17],[@R18]^ and double-indexed library preparation using double-stranded ligation in Florence^[@R21]^.

We initially screened some libraries by enriching them for the human mitochondrial genome^[@R97]^ and about 3000 nuclear SNPs ([Online Table 1](#SD1){ref-type="supplementary-material"}, mtDNA+3000SNPs) using synthesized baits (CustomArray Inc.). We sequenced on an Illumina NextSeq500 instrument with 2×76 cycles and read the indices with 2×7 cycles; for some libraries, we sequenced on a HiSeq X10 with 2×101 cycles and read the indices with 2×8 cycles. We assigned sequences based on the library-specific barcodes/indices. We used one of two bioinformatics pipelines to process the data, as specified in [Online Table 1](#SD1){ref-type="supplementary-material"}. In "Pipeline 1," we merged read pairs that overlapped by at least 15 base pairs allowing up to one mismatch using SeqPrep (<https://github.com/jstjohn/SeqPrep>) (representing each overlapping base by the higher quality base), whereas for "Pipeline 2" we allowed one mismatch when the forward and reverse base had quality ≥20, or 3 mismatches when quality was \<20 (always retaining the base with higher quality, but when mismatches were found base quality was defined as the difference of base qualities). We used either SeqPrep (Pipeline 1) or a custom script (<https://github.com/DReichLab/ADNA-Tools>) (Pipeline 2) to computationally trim adapters and barcodes. We mapped the merged sequences to the reconstructed human mitochondrial DNA consensus sequence^[@R98]^ using *bwa* (Pipeline 1: v.0.6.1, Pipeline 2: v.0.7.15-r1140)^[@R99]^ with the parameters --n 0.01 and --l 16500 (Pipeline 1) or -n 0.01, -o 2 and -l 16500 (Pipeline 2). We removed duplicate sequences that had the same orientation and same start and stop positions using a custom script (Pipeline 1) or the Broad Institute's Picard MarkDuplicates tool (<http://broadinstitute.github.io/picard/>). We restricted to sequences of at least 30 base pairs with a mapping quality≥30 and to bases with base quality≥30. We assessed the data for authenticity by computing the damage rate at the terminal cytosines^[@R21]^, and by estimating the rate of mismatches to the consensus mitochondrial sequence using contamMix^[@R23]^ (v.1.0--10 for Pipeline 1 and v.1.0--12 for Pipeline 2)~.~ We determined mitochondrial haplogroups using *HaploGrep2*^[@R100]^ ([Online Table 4](#SD1){ref-type="supplementary-material"}).

To evaluate whether differences between the two bioinformatics pipelines are introducing artifactual into our analysis---for example by causing sequences processed using Pipeline 1 to match each other at a higher rate than those sequenced by Pipeline 2---we carried out two sets of tests. For the first set of tests, we separated the *Sardinia_BA* individuals by processing pipeline (3 from Pipeline 1, and 10 from Pipeline 2). We computed symmetry *f*~*4*~-statistics of the form *f*~*4*~(*Mbuti.DG*, *Test*, *Sardinia_BA_Pipeline1*, *Sardinia_BA_Pipeline2*) using as *Test* 12 groups including modern *Sardinian*, *Mycenaean*, *Iberia_BA.SG*, *Menorca_LBA* ([Online Table 5](#SD1){ref-type="supplementary-material"}). None of the tests produced a significant deviation from zero (the largest had a \|Z\|=1.126 deviation from zero, showing that at least for *Sardinia_BA*, the processing of samples with different pipelines does not affect results.

For our second set of tests, we analyzed data for 20 previously published individuals^[@R25],[@R62]^ whose sequencing data we processed with both pipelines. To test for artifactual attraction of samples processed by Pipeline 1 and samples processed by Pipeline 2, we computed "ABBA" and "BABA" counts and associated P-values for differences in the rates of these counts for the set of samples (individual1_pipeline1, individual1_pipeline2; individual2_pipeline1, individual2_pipeline2). For example, a BABA count corresponds to a case where the sequences match for the two individuals processed using Pipeline 1, and mismatch the sequences at the same position for the two individuals processed using Pipeline 2 (a BABA count is the direction expected for a bias, and hence we expect to observe an excess of BABA over ABBA counts if there is a bias). We computed ABBA and BABA counts for all 190 possible comparisons, and assessed statistical significance based on a one-sided binomial test for an excess of BABA over ABBA counts (assuming conservatively that the counts are independent). Only one test produced a p-value below 0.05 (p=0.022), which is not significant after Bonferroni correction for the 89 pairwise tests where we had sufficient coverage for the pair of samples to have power in principle detect a signal at the p\<0.05 level (that is, ABBA+BABA was at least 5). The results are shown in the newly added [Online Table 6](#SD1){ref-type="supplementary-material"}.

We enriched the screened libraries with promising quality for 1,233,013 targeted SNPs ("1240K" target capture)^[@R2],[@R24]^ and newer libraries for the mitochondrial genome together with the 1240k targets ("1240k+" target capture). We sequenced and processed the data as for the mitochondrial DNA with the difference that we mapped to the human reference genome *hg19*. We estimated contamination based on the ratio of Y to X chromosome sequences (confirming that all individuals in the dataset had a ratio consistent with a male or a female) as well as the rate of heterozygosity at X chromosome positions (only valid as an estimate of contamination in males who should have no X chromosome variation^[@R101]^). For Pipeline 1 we determined each SNP in each individual by a randomly sampled sequence covering the nucleotide with mapping quality ≥30 and base quality ≥30, whereas for Pipeline 2 we used mapping quality ≥10 and base quality ≥20. We restricted analysis to individuals with coverage of at least 20,000 SNPs (when analyzing populations represented by a single person we required a coverage of at least 100,000 SNPs).

Radiocarbon dating and quality control {#S11}
--------------------------------------

We obtained 43 accelerator mass spectrometry (AMS) radiocarbon dates (^14^C) at the Pennsylvania State University (PSU) Radiocarbon Laboratory, as well as an additional 3 direct dates from other laboratories (the dates were from 48 distinct samples as we dated two samples twice). Here we provide a description of sample processing at PSU, as it is the source of most of our dates (the sample description is adapted from the standard description of this processing; for the other samples, we refer readers to the published protocols). As a precaution at PSU, we removed possible contaminants (conservants/adhesives) by sonicating all bone samples in successive washes of ACS grade methanol, acetone, and dichloromethane for 30 minutes each at room temperature, followed by three washes in Nanopure water to rinse. We extracted bone collagen and purified using a modified Longin method with ultrafiltration (\>30kDa gelatin^[@R102]^). If collagen yields were low and amino acids poorly preserved we used a modified XAD process (XAD Amino Acids^[@R103]^). For quality assurance, we measured carbon and nitrogen concentrations and C/N ratios of all extracted and purified collagen/amino acid samples with a Costech elemental analyzer (ECS 4010). We evaluated sample quality by % crude gelatin yield, %C, %N and C/N ratios before AMS ^14^C dating. C/N ratios for all directly radiocarbon samples fell between 3.1 and 3.3, indicating excellent preservation^[@R104]^. We combusted collagen/amino acid samples (\~2.1 mg) for 3 h at 900°C in vacuum-sealed quartz tubes with CuO and Ag wires. Sample CO~2~ was reduced to graphite at 550°C using H~2~ and a Fe catalyst, and we drew off reaction water with Mg(ClO~4~)~2~^[@R105]^. We pressed graphite samples into targets in Al boats and loaded them onto a target wheel and made all ^14^C measurements on a modified National Electronics Corporation compact spectrometer with a 0.5 MV accelerator (NEC 1.5SDH-1). We corrected the ^14^C ages for mass-dependent fractionation with measured δ^13^C values^[@R106]^ and compared with samples of Pleistocene whale bone (backgrounds, \>48,000 ^14^C BP), late Holocene bison bone (\~1,850 ^14^C BP), late 1800s CE cow bone, and OX-2 oxalic acid standards. We calibrated ^14^C ages with OxCal version 4.3^[@R107]^ and the IntCal13 northern hemisphere curve^[@R108]^. The stable carbon and nitrogen isotope measurements we obtained do not indicate a large marine dietary component in these individuals despite their coming from island populations and hence we did not perform a correction of the dates for marine reservoir effect.

Uniparental haplogroup determination {#S12}
------------------------------------

We determined mitochondrial haplogroups using *HaploGrep2*^[@R100]^ and *phylotree*^[@R109]^ (build 17) on the data from the mitochondrial enrichment experiment^[@R105]^ ([Online Table 4](#SD1){ref-type="supplementary-material"}). We restricted sequences and base qualities to values of ≥30, and built a consensus mitochondrial genome sequence with *samtools* and *bcftools*^[@R110]^ (v.0.1.19--96b5f2294a), using a majority rule and minimum coverage of 1, trimming 2 basepairs from the end of each sequence. We further restricted the data for each sample to the damaged reads as determined by *pmdtools* (using a minimum *pmdscore* of 3) and repeated the calling. In almost every case where there was sufficient post-damage restricted coverage to give a confident haplogroup call, the calls for the damage-restricted data matched the calls obtained when we did not perform damage-restricted. For Y chromosome haplogroup assessment we only used base qualities ≥30, identifying the most derived mutations using the nomenclature of the International Society of Genetic Genealogy ([http://www.isogg.org](http://www.isogg.org/)) v. 11.110.

Dataset assembly {#S13}
----------------

Our basic dataset included 3359 individuals, of which 2182 were modern^[@R7],[@R40],[@R63]--[@R65]^ and 1177 were ancient individuals from previous publications^[@R1],[@R2],[@R4]--[@R7],[@R26]--[@R62]^, which we combined with the newly reported 57 samples that passed screening ([Online Table 3](#SD1){ref-type="supplementary-material"}). We performed all subsequent analysis on autosomal data.

Principal component analysis {#S14}
----------------------------

We used a subset of 591 modern and 1266 ancient West Eurasians for principal component analysis (PCA) using *smartpca* from the EIGENSOFT package^[@R111]^(v.7.2.1), using default parameters with two exceptions. We used the option lsqproject: YES to project all ancient individuals onto the eigenvectors computed from modern vectors. The approach of projecting each ancient sample onto patterns of variation learned from modern samples is useful for ancient DNA analysis, as it means that we can use data from a large fraction of SNPs covered in each individual, thereby maximizing the information about ancestry that would be lost in approaches that require restriction to a potentially smaller number of SNPs for which there is intersecting data across low coverage ancient individuals^[@R112]^~.~ We used the option shrinkmode: YES to remap the points for the samples used to generate the PCA onto the positions where they would be expected to fall if they had been projected (thereby allowing the projected and non-projected samples to be appropriately co-visualized). We used a dataset containing only transversions to assess the robustness of our qualitative inferences to bias due to ancient DNA damage-induced errors ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}).

Population structure analysis {#S15}
-----------------------------

We ran ADMIXTURE^[@R66]^ (v.1.2.3) after pruning to remove one SNP each in pairs of SNPs in linkage disequilibrium, using PLINK1.9^[@R113]^ and the option \--indep-pairwise 200 25 0.4, leaving 315,235 SNPs. We ran ADMIXTURE from K=5 to K=15, with 10 random-seeded replicates for each value of K. We used cross validation by adding the option \--cv to find the runs with the lowest errors ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). For each K, we kept the replicate with lowest error. We present results for K=10, as we empirically found that this is the value of K with lowest cross-validation error that also showed clear distinctions between ancient Western, Eastern, and Caucasus Hunter-Gatherer backgrounds, while maximizing the Neolithic Anatolian-associated component. We also performed ADMIXTURE restricting to transversion SNPs and obtained qualitatively similar results suggesting that ancient DNA damage is unlikely to be strongly biasing our findings ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}).

*f*~4~-statistics {#S16}
-----------------

We used ADMIXTOOLS^[@R63]^ (v.4.1) to compute *f*~*4*~ symmetry statistics (*qpDstat*). We used *Mbuti.DG* as the outgroup, and computed statistics of the form *f*~*4*~(*Mbuti.DG*, X; Y, Z), where X is our test population (or individual) and Y/Z are pairs of populations (or individuals) that we tested for sharing alleles at an equal rate with X. We used the options f4mode: YES and printsd: YES.

### qpWave/qpAdm {#S17}

We used *qpWave*/*qpAdm* from ADMIXTOOLS^[@R63]^ (v.4.1) to estimate admixture coefficients and to model our individuals/populations as mixtures of groups that we propose as clades with the true source population. We used a base outgroup set including the following individuals/populations: *Mbuti.DG, Ust_Ishim, CHG, EHG, ElMiron, Vestonice16, MA1, Israel_Natufian, Jordan_PPNB*. Extra populations were included in each test to improve accuracy when using populations with similar ancestries (see [Supplementary Materials](#SD1){ref-type="supplementary-material"} for a detailed description). When visualizing the results we present the ones with the fewest sources that also has the highest probability (although we also report alternative models with the same number of sources that fit at P\>0.05). We used the option allsnps: YES to specify that the *f*~*4*~-statistics that are the basis of *qpWave*/*qpAdm* should be computed using the intersection of SNPs with coverage in all four groups that contribute to each *f*~*4*~*-*statistic. We set a minimum threshold of 100,000 SNPs when modeling single individuals.

Data Availability {#S18}
-----------------

All raw data are available at the European Nucleotide Archive under the accession number PRJEB35980 and at <https://reich.hms.harvard.edu/datasets>.

Code Availability {#S19}
-----------------

All custom code can be found at <https://github.com/DReichLab/ADNA-Tools>.
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![Geographical origins and temporal distribution of newly reported data.\
We present the 61 newly reported ancient individuals along with a previously reported Beaker-associated Sicilian individual for whom we increase data quality, and a reported Phoenician individual from Ibiza (both marked with an asterisk). Scale bar divided in 50 and 100 kilometer sections.](nihms-1548654-f0001){#F1}

![Overview of genetic strucfture.\
We show results for ancient Sardinians, Sicilians and Balearic islanders and other ancient and present-day populations according to a) unsupervised ADMIXTURE with K=10 clusters; and b) PCA with previously published data (non-filled symbols), projected onto variation from present-day populations shown in solid-color circles without outlines (maroon=Balearic, orange=Sicilians, blue=Sardinians, gray=all others).](nihms-1548654-f0002){#F2}

![Pairwise *qpWave* testing to group individuals.\
Black lines represent groupings by location and period. Gray-colored models have a P-value below 0.01 and are rejected.](nihms-1548654-f0003){#F3}

![Distal modeling of ancestry proportions using *qpAdm*.\
We report results a) by-individual, and b) analysis grouping (see [Supplementary Tables 14](#SD1){ref-type="supplementary-material"} and [16](#SD1){ref-type="supplementary-material"} for actual numbers), with the P-values shown within the bars. We show all valid models (p\>0.05) for the lowest fitting number of sources (some instances produced two valid models at p\>0.05). In panel b) we add a published individual (*Ibiza_Phoenician*) and modern groups (*Balearic*, *Sardinian*, *Sicilian*). Asterisks denote models using *Morocco_EN* instead of *Morocco_LN* to improve fits ([Supplementary Materials](#SD1){ref-type="supplementary-material"}).](nihms-1548654-f0004){#F4}
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